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Our previous surgical manipulations have shown that the target ectoderm is necessary for the initial formation of one of the major
cutaneous nerves in the embryonic chick limb (Honig, M.G., Camilli, S.J., Xue, Q.S., 2004. Ectoderm removal prevents cutaneous nerve
formation and perturbs sensory axon growth in the chick hindlimb. Dev. Biol. 266, 27–42.). Moreover, the target ectoderm is required during
a critical time period, at ¨St. 24, when those axons are about to diverge from the hindlimb plexus. To elucidate the underlying mechanisms,
here we examined the effects of removing the ectoderm at St. 24 on a variety of molecules expressed within the limb. We find that, while
ectoderm removal is accompanied by changes in the expression of Lmx1, fibronectin, EphA7, cDermo-1, and in the complement of muscle
cells, these changes do not account for the cutaneous nerve deficit. In contrast, an upregulation of PNA-binding sites and a downregulation of
Bmp4 appear to be associated with this nerve deficit. Exogenous BMP4 reversed the effect of ectoderm removal on cutaneous nerve
formation, but did not act as a chemoattractant. Our results suggest that BMP4, together with permissive and repulsive molecules that
growing cutaneous axons encounter in the local environment and with signaling molecules, originating from and/or dependent on the
ectoderm, work in concert to ensure proper cutaneous nerve formation.
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Ephs and ephrinsIntroduction
Axons utilize multiple cues and mechanisms to project
along specific pathways to reach their appropriate targets
during development. Limb-innervating axons follow general
highways, preferentially extending on regions that are
permissive for their growth (Tosney and Landmesser,
1985a) and avoiding those that are non-permissive (e.g.,
posterior sclerotome and the future pelvic girdle; Oakley
and Tosney, 1991). At the base of the limb, LMC(l)
motoneurons and LMC(m) motoneurons, which express
different combinations of LIM homeodomain transcription
factors (Tsuchida et al., 1994), segregate from one another
and project to dorsal and ventral muscles, respectively.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.03.013
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E-mail address: mhonig@utmem.edu (M.G. Honig).Appropriate dorsal/ventral sorting requires the differential
expression of PSA-NCAM on LMC(l) motoneurons axons
(Hanson and Landmesser, 2004; Tang et al., 1992, 1994). In
addition, EphA4 expression on LMC(l) motoneurons has
been shown to drive their axons dorsally (Eberhart et al.,
2002; Kania and Jessell, 2003). Axons traveling in the
dorsal and ventral nerve trunks subsequently segregate into
nerve-specific bundles (Honig et al., 1998; Lance-Jones and
Landmesser, 1981; Milner et al., 1998) and diverge along
individual peripheral nerves. Transplantation experiments in
chick embryos have shown that the guidance cues moto-
neuron axons use to project to specific muscles do not
originate from muscle per se (Lance-Jones, 1988), but rather
from the sclerotome, which gives rise to connective tissue
elements (Lance-Jones and Dias, 1991). Further, when
muscle cells are absent, either after somite removal (Phelan
and Hollyday, 1990) or in mice null for hepatocyte growth282 (2005) 257 – 273
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muscle nerves still form.
In contrast, the skin is essential for the normal
development of cutaneous innervation of the limb. Using
ultraviolet irradiation to destroy the wing ectoderm,
Martin et al. (1989) originally showed that the cutaneous
nerve that would normally project to the denuded area
was later absent. Using a surgical approach, we recently
confirmed and extended their findings by demonstrating
that the Ftarget_ ectoderm is necessary for the initial
formation of one of the major cutaneous nerves in the
thigh, the lateral femoral cutaneous (LFCt) nerve (Honig
et al., 2004). When the Ftarget_ ectoderm is absent during
the time that the LFCt nerve normally forms, a few
cutaneous axons occasionally diverge a short distance
from the plexus, but they do not form a discrete LFCt
nerve that reaches the skin.
Interestingly, by varying the embryonic stage at which
we removed the ectoderm, we were able to demonstrate
that LFCt nerve formation requires the target ectoderm
during a very limited time period. For example, if we
removed the ectoderm at St. 20–22, when sensory axons
enter the spinal nerves, the LFCt nerve formed if the
ectoderm had regenerated by St. 24, when the LFCt
nerve normally develops, but not if the ectoderm
regenerated at St. 26. In contrast, if the ectoderm was
removed at St. 24, when many FLFCt_ axons were
already positioned at the anterior pole of the crural
plexus, the LFCt nerve rarely formed, even if the
ectoderm had regenerated by St. 26. Together, these
results show that FLFCt_ axons need some signal at St.
24 (i.e., at the very time that they are about to diverge
from the plexus), and that signal is apparently lost almost
immediately after ectoderm removal. Removal of the
ectoderm after St. 24.5 did not prevent LFCt nerve
formation, presumably because, if the earliest-growing
axons establish a cutaneous nerve pathway, later-growing
axons can follow them.
Here, we sought to elucidate the mechanisms underlying
the formation of the LFCt nerve, by examining in detail the
effects of removing the ectoderm at St. 24. In theory, the
ectoderm could affect the outgrowth of cutaneous axons
directly, perhaps by releasing a chemoattractant. Alterna-
tively, the ectoderm may signal underlying tissues such that
they in turn elicit LFCt nerve formation. The development
of the limb involves the complex interplay between multiple
signaling molecules to specify the three limb axes, and to
regulate the patterning, growth, and differentiation of
muscle, skeletal elements, tendons, and the skin (reviewed
by Duprez, 2002; Mariani and Martin, 2003; Niswander,
2002, 2003). Among the molecules mediating these
processes are bone morphogenetic proteins (BMPs), which
constitute a subgroup of the TGF-h superfamily of
cytokines. BMPs were first identified and named for
inducing bone and cartilage formation, but have since been
recognized for their effects on embryogenesis and pattern-ing, and in stimulating the proliferation, differentiation, and
apoptosis of diverse cell types. Interestingly, it has recently
been demonstrated that BMPs, as well as several Wnts and
sonic hedgehog, all originally identified as morphogens,
also play important roles in axonal pathfinding (reviewed by
Schnorrer and Dickson, 2004). Stimulated by these ideas,
we used a rescue approach to explore the possibility that
BMPs contribute to the formation of the LFCt nerve.
We find that, after ectoderm removal, an exogenous
source of BMP4 rescues the formation of the LFCt nerve,
but seemingly without acting as a chemoattractant. Our
results further suggest that, in normal embryos, the comple-
ment of permissive and repulsive molecules growing LFCt
axons encounter in the local environment and additional
signaling molecules, originating from and/or dependent on
the ectoderm, possibly including a dermally-derived chemo-
attractant, are likely to work in concert with BMP4 to ensure
proper LFCt nerve formation.Materials and methods
Embryonic surgeries
White Leghorn chick embryos were windowed and
subsequently staged according to Hamburger and Hamilton
(1951). Surgeries were performed at early St. 24, just before
the lateral femoral cutaneous (LFCt) nerve begins to form.
The region of ectoderm that is later supplied by the LFCt
nerve, i.e., the Ftarget_ ectoderm, was removed as described
in Honig et al., 2004. In brief, the dorsal surface of the right
hindlimb was exposed and Nile blue (1.5% in water) was
applied to the antero-proximal region, causing the ectoderm
to blister, so that it could be easily peeled off. A small piece
of wetted Kimwipe was placed onto the denuded surface
and allowed to adhere, to slow the regeneration of the
ectoderm. Embryos were returned to the incubator for up to
a day, and were then decapitated and eviscerated, before
being fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer (PB). For embryos that would later be stained with
peanut agglutinin (PNA), the fixative also contained 0.5%
cetylperidinium chloride (Oakley and Tosney, 1991). After
fixation, the Kimwipe was removed, so that the remaining
bare area could be visualized and its size and shape recorded
by a drawing and/or photograph. For subsequent analysis,
embryos were assigned to one of two categories: (1) limbs
where the denuded area was estimated to be at least half its
original size when the embryos were sacrificed and included
the region where the LFCt nerve normally projects, hence-
forth called ‘‘large patches’’; (2) limbs where the denuded
area was less than half its original size or did not include the
region where the LFCt nerve normally projects, henceforth
called ‘‘small patches’’. As described previously (Honig et
al., 2004), a few embryos were subjected to re-removal of
the ectoderm and allowed to survive until St. 30, when they
were used for retrograde labeling.
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Agarose beads (Affi-Gel blue beads, 75–150 Am,
Biorad, Hercules, CA) were rinsed five times with PB,
incubated in BMP4 at room temperature for 2 h, and then
kept on ice. Recombinant human BMP4 was from R&D
Systems (Minneapolis, MN) and was used at concentrations
ranging from 2.5 to 333 Ag/ml. Beads soaked in bovine
serum albumin (BSA; 1 mg/ml in PB) or in PB alone were
used as controls. To determine if exogenous BMP4 could
rescue LFCt nerve formation following ectoderm removal, a
single bead was placed roughly in the center of the just
denuded area, which was then covered with a Kimwipe to
hold it in place and to slow regeneration. Our intent was to
situate the BMP4 bead as close as possible to the site where
the LFCt nerve normally enters the skin, to recapitulate the
spatial location of any signaling molecule(s). Embryos were
excluded from analysis if the BMP4-soaked bead was no
longer on the limb when the embryo was removed from the
egg prior to fixation, since the duration of exposure to
BMP4 was then unknown. Most beads remained on the
limb surface, albeit usually distal and posterior to the
normal site of LFCt entry, although some beads became
embedded in the limb mesenchyme. Bead position will be
considered later, when the results from different embryos
are discussed.
To determine if application of noggin could mimic the
effects of ectoderm deletion, agarose beads soaked in purified
recombinant Xenopus noggin (kindly provided by Richard
Harland) at a concentration of either 275 Ag/ml or 1 mg/ml
were used. Since the agarose beads would not adhere to intact
ectoderm, a small area (¨10% of the normal target ectoderm)
was removed, creating a depression into which three noggin-
soaked beads were placed. The beads were then covered with
a Kimwipe that helped keep them in position. Using this
procedure, the ectoderm regenerated rapidly, such that it
typically covered the beads by the next day.
Retrograde labeling
Some St. 30 embryos were prepared for retrograde
labeling, as previously described (Honig et al., 1998). Texas
red dextran amine (TRDA; Molecular Probes, Eugene, OR)
was injected directly into the obturator nerve. After the
TRDA had been transported, the embryos were fixed and
subsequently cryostat-sectioned transverse to the spinal
cord. Sections were later processed for immunofluorescent
labeling to visualize axons (see below), and thus to verify
the absence of the LFCt nerve.
In situ hybridization
In situ hybridization was carried out using digoxigenin-
labeled antisense riboprobes. To prepare probes for EphA7
and cDermo-1, total RNA was extracted from embryonic
chick skin (St. 37 and St. 28, respectively) and reversetranscribed into cDNA. The chicken EphA7 sequence
(Araujo and Nieto, 1997; GenBank accession number
Y14271) was used to design primers that produce a 798-
bp PCR product (nucleotides 139–936; forward primer 5V-
TCCTCTCGCACCCACC-3V; reverse primer 5V-CCTC-
TGCACTGCTGACAC-3V). The cDermo-1 sequence (Scaal
et al., 2001; GenBank accession number NM204679) was
used to design primers that produce a 718-bp PCR product
(nucleotides 138–855; forward primer 5V-TTTCCCC-
TGTGGATAGCTTG-3V; reverse primer 5V-TGCTTCT-
CGCTTCTCTGTGA-3V). PCR product was cloned into a
pCRII Topo vector (Invitrogen, Carlsbad, CA), chemically
transformed into DH5alpha competent cells. Plasmids were
subsequently extracted from positive clones and PCR was
performed using primers for the SP6 5V-ATTAGGCACCC-
CAGG-3Vand T7 5V-TTGTAAAACGACGGC-3Vsequences
within the plasmids. Amplified inserts were run on an
agarose gel to ascertain size and subsequently sequenced.
PCR products, generated in this way, were used in
transcription reactions for SP6 RNA polymerase carried
out in the presence of digoxigenin-UTP to produce antisense
probes. For Bmp4, a 772-bp-long riboprobe was synthesized
from a plasmid (kindly provided by Cliff Tabin) using T3
RNA polymerase after linearization with BamH1.
Embryos were fixed in 4% paraformaldehyde for 4–6 h
and processed as either whole mounts (cDermo-1 and
Bmp4) or 30-Am-thick cryostat sections (EphA7). The in
situ hybridization protocol for whole mounts was modified
slightly from that of Nieto et al. (1996). Hybridization was
carried out at 65-C in 50% formamide, 5 SSC (pH = 4.5),
1% SDS, 250 Ag/ml yeast tRNA, 200 Ag/ml acetylated
BSA, 50 Ag/ml heparin. After hybridizing, whole mounts
were washed extensively in 50% formamide/2 SSC/1%
SDS. The in situ hybridization protocol for cryostat sections
was modified from protocols published by Simmons et al.
(1989), Schaeren-Wiemers and Gerfin-Moser (1993), and
Stern (1998). Slides were post-fixed in 4% paraformalde-
hyde, treated with proteinase K, and acetylated. Hybrid-
ization buffer was: 50% formamide, 1 SSC (pH = 7.0), 1
Denhardt’s, 1 mM EDTA, 10% dextran sulfate, 100 Ag/ml
salmon sperm DNA, 50 Ag/ml yeast RNA, 50 Ag/ml yeast
tRNA, 1% blocking reagent (Roche Applied Science,
Indianapolis, IN), and 0.1% SDS. After hybridizing over-
night at 65-C, slides were washed first with 50% for-
mamide/2 SSC (pH = 4.5), and then with 2 SSC. Both
slides and whole mounts were incubated overnight with
anti-digoxigenin-AP conjugate Fab (preabsorbed with chick
embryo powder and diluted in TBS with 1% Tween 20 and
0.2% casein) at 4-C and subsequently reacted in nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate.
Processing for immunofluorescence
Immunofluorescent processing was carried out on 100- to
200-Am-thick vibratome sections or 30-Am-thick cryostat
sections cut transverse to the spinal cord. To visualize nerve
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neurofilaments [either 3A10 from the Developmental
Studies Hybridoma Bank (DSHB) or AHP246 from Serotec,
Raleigh, NC]. Some sections were also labeled with
monoclonal antibodies that recognize axonin-1 (23.4–5)
to specifically label sensory axons (Honig et al., 1998),
muscle precursors (Pax7), developing myotubes (13F4),
fibronectin (VA1), Lmx1 (50.5A5), or laminin (31), all from
the DSHB, or were counterstained with propidium iodide
(0.05 mg/10 ml in 0.1 M PB for 5 min) to reveal overall
limb morphology.
Immunofluorescent staining was typically performed
after the tissue had been processed for in situ hybridization.
However, the in situ hybridization was sometimes omitted
so that other labeling protocols could be used. These
included staining with PNA-rhodamine (at 1:500 during
the primary antibody incubation step; Vector Laboratories,
Burlingame, CA) and double labeling for axonin-1, which is
linked to the plasma membrane by glycosylphosphatidyli-
nositol, and for neurofilaments. To avoid extracting axonin-
1 with the high Triton concentrations needed to permeabi-
lize the tissue to label neurofilaments, the latter was done by
processing the tissue first for axonin-1 in the presence of
0.1% Triton, fixing to immobilize the bound antibodies, and
then staining for neurofilaments in the presence of a higher
Triton concentration (1–3%). Axons that were not labeled
with the sensory-specific antibody were considered to be
motoneuron axons.
Microscopy and analysis
Tissue sections were viewed with a BioRad confocal
laser-scanning microscope, allowing us to separately visual-
ize up to three fluorophores in the same section. Digox-
igenin labeling was viewed and photographed with an
Olympus microscope. Adobe Photoshop was later used to
overlay the fluorescent and bright-field images of the same
section. Quantification was done using NIH Image.
Since embryos were always sectioned transverse to the
long axis of the spinal cord, both the experimental right limb
and the normal left limb were present within the same
sections. Processing and visualization procedures were thus
identical, making it straightforward to compare expression
levels on the two sides of same embryo. For labeling with
PNA-rhodamine and Lmx1, the region of interest in
confocal images of sections through the anterior part of
the thigh, at and posterior to the level of the LFCt nerve,
was outlined and its optical density was measured, with
black = 0 (no labeling) and white = 255 (intense labeling).
For most embryos, measurements were made from three to
six sections and averaged. Values for opposite sides of the
experimental embryos were then compared using a paired
t test. In Results, measurements for the experimental right
limb are expressed relative to those for the normal left limb,
so that values >1 indicate an increase in expression and
those <1 a decrease in expression. For a limb to be tabulatedas having an LFCt nerve, axons had to diverge from the
crural plexus at the correct anterior–posterior level (no more
than 100 Am anterior to where the crural plexus divides into
dorsal and ventral nerve trunks), travel dorsally, and extend
to within 25 Am of the limb’s dorsal surface.
Finally, it should be noted that for the experiments
presented here, there were two groups of ‘‘control’’ embryos
with ectoderm removals (those with just Kimwipes, to
prevent ectoderm regeneration, and those which were also
treated with BSA- or PB-soaked agarose beads). The
changes occurring after ectoderm removal were the same
for these two groups, and so they are considered together in
the first few sections of Results. For the rescue experiments
with BMP4 beads, only those embryos with BSA/PB beads
are considered as controls.Results
Distribution of permissive and repulsive molecules along
the pathway of the LFCt nerve in normal embryos and after
ectoderm removal
To gain insight into the cues governing LFCt nerve
formation, we characterized its trajectory in terms of the
spatial distribution of some of the molecules that have been
shown to either promote or inhibit axon growth. The
sensory axons that comprise the LFCt nerve exit the crural
plexus at St. 24.5–25 and then extend through the
mesenchyme to the skin. The extracellular matrix glyco-
protein, fibronectin, which acts as a permissive substratum
for dorsal root ganglion (DRG) neurons in culture (Guan et
al., 2003; Rogers et al., 1983), is widely distributed within
the developing limb mesenchyme (Tomasek et al., 1982;
Fig. 1A). It has recently been suggested that early growing
sensory axons extend primarily along fibronectin (Guan et
al., 2003), and so we wanted to determine whether a
fibronectin-rich ‘‘prepathway’’ might serve to guide LFCt
axons to the skin. Examination of immune-stained sections
from St. 24–25 embryos provided no clear indication that
fibronectin is expressed more heavily along the future route
of the LFCt nerve than in nearby areas (Fig. 1A).
Fibronectin appeared to be differentially expressed only
after LFCt axons had reached the skin (Fig. 1C). Despite the
absence of a fibronectin prepathway in normal embryos,
ectoderm removal could, in theory, cause a downregulation
in fibronectin expression, thereby making the dorsal limb
mesenchyme non-permissive for axon growth. However, in
the 9 embryos in which this was examined, we did not
detect a decrease in immunofluorescent staining for
fibronectin that could explain why the LFCt nerve did not
form after ectoderm removal (Fig. 1F).
Several regions of the limb, for example, the future
pelvic girdle and femur, are known to inhibit axon
growth and thereby serve to delimit the highways that
axons follow (Tosney and Landmesser, 1985a). These
Fig. 1. Expression of fibronectin and PNA-binding sites. LFCt axons avoid areas that stain intensely with PNA as they extend through the fibronectin-rich
mesenchyme. Fibronectin does not, however, delineate a prepathway that LFCt axons follow and changes in its expression after ectoderm removal do not
explain the failure of LFCt nerve to form. In contrast, PNA binding is increased after ectoderm removal and may contribute to the absence of the LFCt nerve.
Sections cut transverse to the spinal cord, at the level of the LFCt nerve, stained with PNA-rhodamine and antibodies against neurofilaments and fibronectin. (A
and B) At St. 24–25, just before LFCt axons diverge from the crural plexus (arrowhead), fibronectin is widely expressed throughout the limb, and PNA
intensely labels the proximal–dorsal region (c), which will become the pelvic girdle. (C and D) At late St. 25/early St. 26, just after the LFCt nerve has reached
the skin, fibronectin is preferentially expressed along the LFCt nerve pathway, but has been downregulated in adjacent regions where cartilage (c) and muscle
(m) are differentiating. LFCt axons circumvent the PNA-binding region. Insets in panels A and C show higher magnification views of fibronectin staining in
the region of the LFCt nerve. (E and F) In a St. 26 embryo, after ectoderm removal at St. 24, the intensity of PNA staining in the region of the future pelvic
girdle is increased relative to that seen on the normal, contralateral side. Fibronectin expression is increased near the dorsal limb surface, but appears unchanged
in the area corresponding to the LFCt nerve pathway. In the experimental right limb, some axons diverge ¨30 Am from the plexus but do not form an LFCt
nerve. On the normal left side, the LFCt nerve was located two sections posterior to that shown. (G) In another St. 26 embryo, after ectoderm removal, three
bundles of LFCt axons approach the skin, one of which has traversed a region that is stained with PNA. Blood vessels and the area surrounding the notochord
are brightly labeled for fibronectin in panels A, C, and F. The red labeling along the edges of the tissue is non-specific surface staining. Panels A and B, C and
D, and E and F show images of the same section. For all panels in this and subsequent figures, dorsal is toward the top. For panels A–D and F–G, the spinal
cord is toward the left, the limb toward the right. Scale bar, 200 Am.
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lectin, PNA (Oakley and Tosney, 1991). To examine the
possibility that the LFCt nerve follows its characteristic
route in part because adjacent regions are inhibitory, we
combined immune staining for axons with PNA staining.
Consistent with this idea, at St. 24, PNA staining was
observed just proximal to the LFCt nerve’s future route
to the skin (Fig. 1B). At a slightly later stage, LFCt
axons bypassed this PNA-stained region of mesenchyme
to extend toward the skin (Fig. 1D). Interestingly, after
ectoderm deletion, the intensity of PNA staining was
increased in 7 of the 9 embryos examined (Fig. 1E; ratio
of experimental to control optical densities = 1.17 T 0.06
standard error; P < 0.02, paired t test). Thus, an increase
in the expression of inhibitory molecules may contribute
to the failure of the LFCt nerve to form. However, as we
occasionally observed LFCt axons traversing mesenchyme
with moderate levels of PNA labeling (Fig. 1G), thisexplanation cannot, at least by itself, account for the
absence of the LFCt nerve after ectoderm removal.
Ephrins and Eph receptors mediate contact-dependent
interactions that are typically repulsive and, despite the
original identification of ephrins as the ligands, bi-direc-
tional signaling can occur (reviewed by Murai and Pasquale,
2003; and by Davy and Soriano, 2005). While EphA4,
ephrin-A2, and ephrin-A5 are expressed in spatial patterns
that are not consistent with their playing a direct role in
LFCt nerve formation (Eberhart et al., 2000; Iwamasa et al.,
1999), EphA7 is confined to the dorsal limb mesenchyme
and has been implicated in promoting nerve extension in the
wing. Specifically, Araujo et al. (1998) showed that the
brachialis superior nerve projects for some distance under
the skin, immediately adjacent to tissue expressing high
levels of EphA7. When they removed the overlying dorsal
ectoderm, the expression of EphA7 was downregulated, and
the brachialis superior nerve no longer extended distally. To
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formation of the LFCt nerve, we carried out in situ
hybridization for EphA7 followed by immune staining to
visualize axons. At St. 24, before the LFCt nerve forms,
EphA7 is expressed broadly in the dorsal mesenchyme (Fig.
2A). EphA7 expression then increases distally and decreases
proximally (Figs. 2B, C), with LFCt axons appearing to be
confined to EphA7-expressing mesenchyme as they extend
toward the dorsal limb surface. Assuming that the spatial
pattern of EphA7 protein expression mirrors the pattern of
gene expression, this suggests that EphA7 may serve as a
positive guidance cue for LFCt axons. However, by the time
the LFCt nerve is well formed at late St. 26, EphA7 is
heavily expressed around the plexus and more distally and is
lightly expressed in the subectodermal mesenchyme (Fig.
2C). (Note that evaluating the pattern of EphA7 expression
at only St. 26 would give the incorrect impression that
growing LFCt axons had crossed between regions of high
and low EphA7 expression.) We next examined EphA7
expression after the removal of the ectoderm. EphA7
expression was decreased in the ‘‘subectodermal’’ mesen-
chyme in the denuded region, but appeared to be unchanged
at deeper levels (Fig. 2D). The results were similar for 10 ofFig. 2. Expression of EphA7. EphA7 exhibits a highly dynamic temporal–spatial p
cut transverse to the spinal cord, at the level of the LFCt nerve, processed for in s
neurofilament antibody is also shown, having been inverted so that the labeling ap
EphA7 is gradually downregulated proximally during the time that the LFCt nerve
(arrowhead), EphA7 is expressed throughout the dorsal limb mesenchyme. (B) Gr
the LFCt nerve has reached the skin, EphA7 is no longer expressed along its path
dorsal subectodermal mesenchyme. (D) At early St. 26, a day after ectoderm remo
the denuded dorsal limb surface, but appears relatively normal at deeper levels and
for neurofilaments is not shown in panel D. Scale bar, 200 Am.13 experimental embryos examined between St. 25 and St.
26. Thus, the failure of LFCt axons to diverge from the
plexus after ectoderm removal cannot readily be explained
by changes in EphA7 expression.
Limb patterning
At the onset of limb bud formation, the dorsal ectoderm
specifies the dorsal–ventral axis of the limb by inducing
Lmx1 expression in the underlying mesoderm (Parr and
McMahon, 1995; Riddle et al., 1995; Vogel et al., 1995).
The ectoderm must remain present for several more stages
for Lmx1 expression to be maintained, although this
dependency and the extent of patterning defects that ensue
following ectoderm removal varies for different limb
regions (Akita, 1996; Riddle et al., 1995). Of particular
relevance for our experiments, several investigators have
shown that Lmx1 is downregulated in proximal limb regions
when the dorsal ectoderm is removed at St. 21–22 (Araujo
et al., 1998; Vogel et al., 1995). Although we had not
observed any ventral transformation of muscle and/or
skeleton in the anterior thigh following our St. 24 surgeries
(Honig et al., 2004 and unpublished observations), weattern of expression and is downregulated after ectoderm removal. Sections
itu hybridization. In panels A–C, immunofluorescent labeling with an anti-
pears dark, and overlaid on the bright-field view of the same section. (A–C)
forms. (A) At St. 24, just before LFCt axons diverge from the crural plexus
owing LFCt axons extend through EphA7-positive mesenchyme. (C) After
way although it is expressed more distally and there is light labeling in the
val, EphA7 expression is decreased in the ‘‘subectodermal’’ mesenchyme at
adjacent to the crural plexus (outlined in red). Immunofluorescent labeling
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ectoderm removals for Lmx1 expression. A day after the
surgery, the intensity of immune staining for Lmx1 was less
in the experimental limb than it was contralaterally, as
shown by the example in Fig. 3 (8 embryos; ratio of
experimental to control optical densities = 0.56 T 0.04
standard error; P < 0.0005, paired t test). Thus, despite the
late stage at which these surgeries were performed, Lmx1
expression was downregulated.
Changes in Lmx1 expression are associated with errors in
the dorsal/ventral sorting of motoneuron axons. For example,
in Lmx1b null mutant mice (note that Lmx1b is the mouse
homolog of chick Lmx1), LMC(l) motoneurons project not
only to their normal dorsal targets, but also inappropriately to
ventral muscles, whereas LMC(m) motoneurons project both
to their normal ventral targets as well as to inappropriate
dorsal muscles (Kania et al., 2000). To determine if the
decrease in Lmx1 expression that occurs with St. 24 ectoderm
removal is similarly associated with motoneuron pathfinding
errors, we retrogradely labeled the nerve to the ventrally
derived obturator muscle in three St. 30 embryos. Retro-
gradely labeled motoneurons were situated medially on the
experimental side, just as on the normal contralateral side
(Fig. 4). Importantly, no retrogradely labeled motoneuronsFig. 3. Downregulation of Lmx1 one day after ectoderm removal. Sections
cut transverse to the spinal cord stained with antibodies against Lmx1 and
neurofilaments. Lmx1 is expressed in the dorsal limb mesenchyme and in a
subpopulation of spinal cord interneurons. (A) At the level of the LFCt
nerve, Lmx1 expression is far less in the dorsal mesenchyme on the
operated side than in the normal left limb. Axons diverging from the crural
plexus (arrowhead) on the right side extend only about halfway to the
dorsal limb surface and probably projected to muscle. (B) Considerably
more posteriorly, just anterior to the femur, staining for Lmx1 is less in the
experimental limb than in the normal left limb. Note that no staining for
Lmx1 is detected in the denuded mesenchyme but some Lmx1 expression is
found in the subectodermal mesenchyme immediately distal to this region
and deeper in the limb. The ventral nerve trunk extends into the Lmx1-
negative ventral limb mesenchyme on both sides. The white outline
indicates tissue boundaries. Scale bar, 200 Am.
Fig. 4. Retrograde labeling of the obturator nerve at St. 30 after ectoderm
removal at St. 24. Spinal cord cross-sections showing fluorescent TRDA-
labeled cells. The images have been inverted so that the labeling appears dark.
The lateral border of the LMC is outlinedwith black dots. On both sides of the
spinal cord, motoneurons projecting along the obturator nerve are located in
their appropriatemotoneuron pool position in themedial part of the LMC.No
labeled neurons are located in the LMC(l). The spatial distribution of
retrogradely labeled motoneurons on the experimental side is nearly identical
to that on the normal contralateral side. Thus, after ectoderm removal at St. 24,
LMC(l)motoneurons are notmisdirected to ventral muscles. Note that TRDA
injection of the obturator nerve yields extensive labeling of motoneuron
dendrites as well as their cell bodies and axons. Scale bar, 200 Am.were located laterally. Thus, when the dorsal ectoderm is
removed and Lmx1 is downregulated at St. 24, LMC(l)
motoneurons do not misproject ventrally. Ideally, we would
have next examined whether sensory neurons normally
destined for dorsal targets were misdirected ventrally.
However, given that sensory neurons are not spatially
segregated within the DRGs (Honig, 1982), nor are there
any known molecular markers, such an analysis is not
possible. Nonetheless, because sensory axons tend to follow
adjacent motoneuron axons following a variety of embryonic
manipulations (Honig et al., 1986; Landmesser and Honig,
1986; Scott, 1986), it seems likely that those sensory axons
that normally project dorsally would still project dorsally in
the current situation. Thus, the absence of the LFCt nerve is
unlikely to be explained by dorsal/ventral misrouting.
The role of the dermis
It is possible that LFCt nerve formation is triggered by a
signal that emanates from the dermis, but whose induction
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ectoderm (see, for example, O’Connor and Tessier-Lavigne,
1999). To gain insight into this possibility, we first
examined how the development of the dermis is affected
by ectoderm removal. Since the dermis is not morpholog-
ically distinct from the adjacent mesenchyme until about St.
28 (Martin et al., 1989), we used in situ hybridization for the
cDermo-1 gene. Dermo-1, a member of the basic helix–
loop–helix family of transcription factors, is an early
marker of the dermis in mouse (Li et al., 1995) and chick
(Scaal et al., 2001). By St. 24, cDermo-1 is expressed at
high levels in the subectodermal mesenchyme throughout
much of the hindlimb, including the region where the LFCt
nerve later projects (Scaal et al., 2001; data not shown). We
found that the expression of cDermo-1 was closely tied to
the presence of the ectoderm. cDermo-1 expression was
completely lost within 3 h of ectoderm removal. The next
day, cDermo-1 was not detected in regions that remained
bare, but was present (albeit sometimes at lower than normal
levels) wherever the overlying ectoderm had regenerated
(Figs. 5B, C). This very close correlation is suggestive of
changes in gene expression per se, rather than to the initial
death of dermal cells at the denuded surface and their
subsequent replacement by newly generated cells.
As would be expected, when we prevented regeneration
and examined embryos a day following the surgery, the
LFCt nerve was absent and cDermo-1 expression was not
detectable in the denuded region (n = 8). To examine theFig. 5. Expression of cDermo-1. The expression of cDermo-1 is associated wit
expression can be dissociated after ectoderm removal. Sections cut transverse
hybridization for cDermo-1. (A) cDermo-1 is expressed fairly uniformly in the su
layer thick and is barely visible at this magnification. (B and C) On the right side,
removal, but is expressed wherever the ectoderm has regenerated (red brackets).
sections more anteriorly, the ectoderm has completely regenerated and cDermo-1 e
its abnormally thickened appearance. (D–F) In situ hybridization for cDermo-
antibody. The fluorescent image has been inverted, so that the labeling appears dar
experimental limb (E), the ectoderm has regenerated and cDermo-1 is expressed at
is absent. (F) In another experimental limb, the ectoderm has not regenerated, cDe
panel C for panels A–C; 200 Am in panel F, for panels D–F.relationship between the presence of differentiating dermis
and LFCt nerve formation in more detail, we next sought to
achieve a variable extent of ectoderm regeneration and
thereby variable cDermo-1 expression in the region to
which the LFCt nerve normally projects. To do this, we
either simply applied Nile blue to the skin or applied the
Nile blue and then removed the ectoderm, rather than trying
to prevent regeneration by allowing a piece of Kimwipe to
adhere to the denuded surface (Honig et al., 2004 and see
Materials and methods). The day after the surgery, the LFCt
nerve was present and cDermo-1 was expressed at levels
that were similar or slightly less than on contralateral side in
many of these experimental limbs (14/26). Importantly,
however, in 8 limbs, the LFCt nerve was absent despite
cDermo-1 being expressed at normal or near normal levels
(Fig. 5E), and in another 4 limbs the LFCt nerve was present
although cDermo-1 was not expressed (Fig. 5F). Thus,
LFCt nerve formation and the expression of cDermo-1 are
not consistently associated with one another.
The role of BMP4
Expression of BMP4
BMPs are known to regulate numerous aspects of limb
development, including dorsal/ventral patterning, cell pro-
liferation and apoptosis, and the differentiation of cartilage,
dermis, and muscle. Work from several laboratories has
recently demonstrated that BMPs also play important rolesh the presence of the ectoderm, but LFCt nerve formation and cDermo-1
to the spinal cord, at the level of the LFCt nerve, processed for in situ
bectodermal mesenchyme in the normal left limb. The ectoderm is one cell
cDermo-1 is not expressed in regions that remain bare a day after ectoderm
In panel B, part of the dorsal thigh is denuded, whereas in panel C, a few
xpression has been restored. The regenerated ectoderm can be recognized by
1 combined with immunofluorescent labeling with an anti-neurofilament
k, and overlaid on the bright-field view of the same section. (D and E) In the
levels that are similar to those of the normal left side (D), but the LFCt nerve
rmo-1 is not expressed, but the LFCt nerve is present. Scale bars, 200 Am in
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Dodd, 2003; Dionne et al., 2002; Liu et al., 2003). Bmps 2,
4, and 7 are expressed in discrete, but partly overlapping,
regions of the developing wing and hindlimb (Amthor et al.,
1998; Francis et al., 1994). Bmp4 is robustly expressed in
the anterior part of the hindlimb, and so we next
investigated its role in LFCt nerve formation.
We started by using in situ hybridization to characterize
the spatial distribution of Bmp4 gene expression in relation
to the trajectory of the forming LFCt nerve at St. 24–26. As
shown in Fig. 6, Bmp4 is expressed at high levels in the
subectodermal mesenchyme just distal to the site where the
LFCt nerve projects to the skin. Interestingly, we could not
reliably detect Bmp4 expression in the dorsal limb ectoderm
itself. This pattern of expression was found from St. 24,
before LFCt axons diverge from plexus, until at least St.
26+, when the LFCt nerve is well formed and its axons
arborize extensively in the skin.
Removal of the ectoderm resulted in a decrease in Bmp4
gene expression in the underlying mesenchyme (Figs. 6C–
F). Bmp4 expression levels were obviously less for the
experimental limb than contralaterally in 2 embryos that were
fixed 5 h after ectoderm removal and in nearly all the embryos
(35/39) fixed the day after surgery. The relative decrease in
Bmp4 expression levels appeared to be greater in limbs in
which the ectoderm had not significantly regenerated than in
limbs in which there had been more regeneration.
BMP4 rescue of LFCt nerve formation
We next investigated if exogenous BMP4 rescues LFCt
nerve formation after ectoderm removal. To do this,
immediately after the ectoderm was removed, an agarose
bead soaked in recombinant human BMP4 proteinwas placed
near the center of the denuded region. We first considered
those limbs where the denuded area was estimated to be at
least half its original size when the embryos were sacrificed a
day after ectoderm removal and included the regionwhere theFig. 6. Expression of Bmp4. Bmp4 is expressed lateral to the LFCt nerve
and is downregulated after ectoderm removal. Whole-mount preparations
were processed for in situ hybridization for Bmp4 and subsequently
sectioned transverse to the spinal cord. In panels A and B, immunofluor-
escent labeling with an anti-neurofilament antibody is also shown, inverted
so that the labeling appears dark, and overlaid on the bright-field view. (A
and B) At St. 24, just before LFCt axons diverge from the plexus
(arrowhead), and at St. 26, after LFCt nerve has reached the skin, Bmp4 is
heavily expressed in the subectodermal mesenchyme just lateral to the site
where the LFCt nerve enters (or will enter) the skin. The dark gray tissue
border in panel B is due to non-specific surface staining. (C–E) Whole-
mount preparations of embryos subjected to ectoderm removal at St. 24.
Bmp4 expression is less in the anterior–proximal part of the experimental
limb than it is on the normal contralateral side. Arrows indicate the
approximate anterior–posterior level at which the LFCt nerve typically
enters the skin. The blue BSA-soaked agarose bead in panel D is located
near the normal site of LFCt nerve entry. (F) Section cut transverse to the
spinal cord, slightly posterior to the level of the LFCt nerve, from the same
embryo as in panel E, Bmp4 expression on the right, experimental side is
less than it is contralaterally. Scale bar, 200 Am in panel F for panels A, B,
and F; 200 Am in panel C for panels C–E.LFCt nerve normally projects. (For brevity, these limbs will
henceforth be referred to as having ‘‘large patches’’, and those
in which the denuded area was smaller or did not include the
normal LFCt nerve target region will henceforth be referred
to as having ‘‘small patches’’.) As shown in Fig. 7, the LFCt
nerve frequently formed in the presence of exogenous BMP4.
Axons traveled along the LFCt pathway and closely
approached or contacted the dorsal limb surface in more
than half the embryos treated with beads soaked in BMP4 at
333 Ag/ml, 100 Ag/ml, and 25 Ag/ml, but only rarely in
Fig. 7. Exogenous BMP4 rescues LFCt nerve formation after ectoderm
removal and reverses the increase in PNA staining. (A–C) Immunofluor-
escent staining for neurofilaments. (A) The LFCt nerve reaches the denuded
dorsal limb surface on the right side, and is also visible on the normal left
side. The BMP4-soaked bead was located two sections (approximately 60
Am) more posteriorly. (B and C) Sections from another embryo subjected to
ectoderm removal and treated with exogenous BMP4. The LFCt nerve is
present in panel B. Two sections more posteriorly (C), at the level of the
BMP4-soaked bead, other axons project to more distal limb targets. Note
that LFCt axons and other limb-innervating axons do not extend
specifically toward the BMP4 bead. (D and E) Double labeling of a third
experimental embryo with the neurofilament antibody, which stains all
axons (D), and with an axonin-1 antibody, which specifically reveals
sensory axons (E). All neurofilament-positive LFCt axon profiles are also
labeled for axonin-1, thereby indicating that the rescued LFCt nerve is
comprised exclusively of sensory axons. (F) The intensity of PNA staining
is less in the region of the future pelvic girdle (c) on the experimental side
than on the normal side. Thus, in addition to rescuing LFCt nerve
formation, exogenous BMP4 reverses the increase in PNA binding that
normally results from ectoderm removal (compare with Fig. 1E). The white
line indicates the dorsal surface of the right limb, the dashed line marking
where the ectoderm was absent; elsewhere, tissue boundaries are visual-
izable by the red, non-specific surface staining. Scale bar, 200 Am.
Table 1
BMP4 rescue of LFCt nerve formation after ectoderm removal
Treatment Experimental limbs with LFCt nerves
‘‘Large patches’’ ‘‘Small patches’’
BMP4 beads
333 Ag/ml 52.8% (n = 36) 0% (n = 15)
100 Ag/ml 46.2% (n = 13) 0% (n = 7)
25 Ag/ml 71.4% (n = 28) 27.3% (n = 33)
10 and 2.5 Ag/ml 16.7% (n = 6) 0% (n = 1)
BSA and PB beads 16.1% (n = 31) 10.0% (n = 20)
‘‘Large patches’’ refers to those limbs where the denuded area was
estimated to be at least half its original size when the embryos were
sacrificed and included the region where the LFCt nerve normally projects.
‘‘Small patches’’ refers to those limbs where the denuded area was less than
half its original size or did not include the region where the LFCt nerve
normally projects.
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BMP4 (2.5 or 10 Ag/ml) or in control embryos, with beads
soaked in BSA or PB (Table 1). Thus, exogenous BMP4
reversed the effects of ectoderm removal on LFCt nerve
formation.We next considered those limbs for which ectoderm
regeneration had been more extensive. We expected that
BMP4-treated embryos with small patches would exhibit an
even higher incidence of LFCt nerve formation than
similarly treated embryos with large patches. Surprisingly,
however, the LFCt nerve did not form in any of the embryos
with extensive regeneration of the ectoderm treated with
high concentrations of BMP4 (100 or 333 Ag/ml; see Table
1), and in only 27% of embryos treated with 25 Ag/ml
BMP4 (as compared to 71% of embryos with large patches
treated with 25 Ag/ml BMP4). In comparison, the LFCt
nerve was present in 10% of control embryos with small
patches. Thus, for limbs with small patches (and hence,
more endogenous BMP4), the highest BMP4 concentration
seemed to inhibit LFCt nerve formation while 25 Ag/ml
BMP4 slightly increased the frequency of LFCt nerve
formation.
For these experiments, although we tried to place the
BMP4 bead at the site where the LFCt nerve normally enters
the skin, by the time the embryos were sacrificed, the bead
was typically positioned up to 100 Am distal and/or
posterior to the normal LFCt entry zone, and in some cases,
the bead had even become embedded within the limb
mesenchyme (Fig. 7C). However, LFCt nerve formation
was rescued with similar frequencies regardless of whether
the BMP4 bead remained on the surface or had become
embedded (17 of 31 vs. 28 of 46 for limbs with large
patches). Thus, LFCt nerve rescue occurred independent of
considerable variation in the location of the BMP4 bead.
Interestingly, axons did not turn directly toward an
embedded bead (Fig. 7C), as would be expected if BMP4
acted as chemoattractant. Thus, exogenous BMP4 rescued
LFCt nerve formation without specifically attracting sensory
axons.
For the analyses described above, all axons were
immunofluorescently labeled, using an anti-neurofilament
antibody, such that motoneuron and sensory axons were
indistinguishable. To determine whether the axons that
projected along the LFCt nerve pathway in response to
exogenous BMP4 were indeed sensory axons, sections were
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sensory axons (Honig et al., 1998), as well as with the anti-
neurofilament antibody. The results from 15 embryos
labeled in this way indicated that the LFCt nerve was
indeed comprised of sensory axons (Fig. 7E). In contrast,
motoneuron axons did not project along the LFCt nerve, and
tended to diverge from the main crural trunk only at more
posterior levels. Thus, an exogenous source of BMP4
enhanced the growth of sensory axons to the skin following
ectoderm removal, without causing motoneurons to diverge
inappropriately from the crural plexus.
Effects of BMP4 on limb tissues/molecules
Some of the effects that BMP4 is known to have on limb
tissues could, in theory, contribute to LFCt nerve rescue. In
particular, high concentrations of BMP4 have been reported
to prevent muscle development, by inducing apoptosis,
while low concentrations of BMPs can increase proliferation
and delay muscle differentiation (Amthor et al., 1998). In
addition, ectoderm removal by itself arrests proliferation of
muscle precursors and prematurely initiates muscle differ-
entiation, resulting in a loss of muscle tissue (Amthor et al.,
1998). To obtain an overview of the amount of muscle tissue
in our experimental limbs, we used immunofluorescent
labeling with the 13F4 antibody, which detects differ-
entiating muscle cells. The day after ectoderm removal,
the anterior dorsal part of the thigh (i.e., the region
underlying the denuded skin) on the operated side often
contained less muscle than contralaterally for embryos with
BSA/PB beads. The extent of muscle depletion appeared to
be similar for embryos treated with 25 Ag/ml BMP4 and
tended to be more extensive following treatment with higher
concentrations of BMP4 (333 Ag/ml and 100 Ag/ml). Thus,
our results were generally consistent with those reported
previously and, at least for 25 Ag/ml BMP4 beads, LFCt
nerve rescue occurred independent of any increase in
muscle depletion.
To better understand the mechanism by which BMP4
rescues LFCt nerve formation, we next investigated whether
beads soaked in BMP4 (at concentrations of 25, 100, and
333 Ag/ml) reversed any of the changes in expression
associated with removal of the ectoderm. In nearly all
BMP4-treated embryos examined (7/9), EphA7 expression
was downregulated to an extent similar to that seen after
ectoderm removal alone. In contrast, whereas ectoderm
removal by itself resulted in increased PNA staining in the
region just proximal to the LFCt nerve’s normal route to the
skin, this increase was not observed in any of the embryos
with large patches treated with BMP4 beads. Rather, the
intensity of PNA staining in this region was less on the
operated side than on the normal, contralateral side (Fig. 7F;
9 embryos; ratio of experimental to control optical densities =
0.76 T 0.06 standard error; P < 0.002, paired t test).
Decreased PNA staining was, however, observed not only
in limbs in which LFCt nerve was rescued (n = 6), but also in
limbs in which the LFCt nerve did not form (n = 3). Thus,exogenous BMP4 appeared to cause a decrease in the
repulsiveness of proximal limb tissues, which may, in turn,
contribute to, but is not sufficient for, LFCt nerve rescue.
We next examined if the BMP4-soaked beads elicited
changes in gene expression that have been shown to be
associated with BMP signaling by other investigators. First,
exogenous BMPs can upregulate BMP expression (Scaal et
al., 2002). However, in situ hybridization for Bmp4 showed
a downregulation of endogenous Bmp4 (n = 41) that was
similar to that observed after ectoderm deletion itself.
Second, beads soaked in BMP2 or BMP4, when implanted
into the mesenchyme, can induce cDermo1 expression in
the overlying tissue (Scaal et al., 2002). However, in our
experiments, for which BMP4 beads were placed on top of
mesenchyme from which the ectoderm had just been
removed, the expression of cDermo-1 in the immediate
vicinity of the beads was not obviously increased (n = 25).
This suggests that cDermo-1 expression may require, not
just BMPs, but an additional signal that originates from the
ectoderm. More importantly for our studies, LFCt rescue by
exogenous BMP4 did not require the restoration of cDermo-
1 expression. Similar conclusions regarding the independ-
ence of LFCt nerve formation and cDermo-1 expression
were discussed previously in this paper.
Effects of noggin
Since exogenous BMP4 reversed the effects of ectoderm
removal on LFCt nerve formation, one might expect that
inhibiting BMP activity would mimic the effects of ectoderm
removal. To test this possibility, agarose beads soaked in
noggin, a BMP antagonist which blocks the binding of BMP
2 and 4 to their receptors, were forced to adhere to the dorsal
limb surface (see Materials and methods). While the LFCt
nerve formed in all of these limbs, it was considerably thinner
on the experimental side, relative to that on the normal,
contralateral side in the majority of the noggin-treated
embryos (7/11), and only rarely in the BSA-treated embryos
(1/8). Thus, while treatment with noggin did not block LFCt
nerve formation, it appeared to decrease the number of axons
projecting along the LFCt nerve.Discussion
In this paper, we have focused on the formation of a single
cutaneous nerve in the chick hindlimb and tried to identify the
cellular and molecular cues that signal these axons to diverge
from the plexus at a particular location and then to follow a
characteristic route to the skin. We have previously shown
that when the target ectoderm is removed, this nerve does not
form (Honig et al., 2004). Here, we have taken two related
approaches to provide further insight into the underlying
mechanisms: first, determining how a variety of candidate
cues are altered by this surgery, and then using a rescue
strategy and examining both LFCt nerve formation, and
changes in these same environmental cues.
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When the LFCt nerve first forms, axons extend into an
area of loose mesenchyme, in which fibronectin, which
provides a permissive pathway for their growth, is diffusely
expressed. Although fibronectin is differentially expressed
slightly later, when muscle begins to develop distal to the
LFCt nerve and fibronectin levels there fall, we did not
detect a fibronectin-rich ‘‘prepathway’’ that might serve to
guide LFCt axons to the skin. In addition, ectoderm removal
did not cause a downregulation in fibronectin expression,
which in theory could have made the dorsal limb
mesenchyme non-permissive for axon growth.
Proximally, the course of the LFCt nerve is bounded by
PNA-binding tissue, which will become the most anterior
part of the pelvic girdle. PNA marks a variety of tissues that
axons avoid (e.g., notochord, the posterior sclerotome, the
developing pelvic girdle and femur; Oakley and Tosney,
1991), although the identities of the actual repulsive
molecules have not been fully elucidated (Kuan et al.,
2004). As expected, LFCt axons bypassed mesenchyme that
was intensely stained. That ectoderm removal was accom-
panied by an increase in the intensity of PNA staining
immediately adjacent to the normal route of the LFCt nerve
suggests that an increase in the repulsiveness of this region
may contribute to the failure of the LFCt nerve to form.
Further, exogenous BMP4 rescued LFCt nerve formation
and also reversed this upregulation. However, we occasion-
ally detected LFCt axons growing within the PNA-binding
region, and so, changes in the expression of PNA-binding
molecules, and the accompanying changes in repulsivity,
may partly, but cannot fully, explain why the LFCt nerve
forms or fails to form.
The spatial pattern of EphA7 gene expression changes
rapidly and dramatically between St. 24 and St. 26. Based
on our observations of numerous embryos at closely spaced
time points, LFCt axons seem to be restricted to EphA7-
expressing mesenchyme as they extend toward the dorsal
limb surface. Given that developing DRG neurons express
ephrin-A2 and ephrin-A5 (Eberhart et al., 2000; Iwamasa et
al., 1999), this suggests that EphA7 may serve as a positive
guidance cue for LFCt nerve formation. Recent observations
by numerous investigators have expanded on the original
view that ephrins serve only as ligands and Eph–ephrin
interactions are always repulsive (reviewed by Davy and
Soriano, 2005; Murai and Pasquale, 2003; also see Eberhart
et al., 2004). In fact, there is precedence for the activation of
ephrin-A5 resulting in attractive and/or adhesive responses.
Vomeronasal apical axons express high levels of ephrin-A5
and project to target regions expressing high levels of
EphA6 in normal mice, but not in ephrin-A5 mutant mice,
and cultured vomeronasal axons prefer to elongate on an
EphA-Fc/laminin substrate, rather than on laminin alone
(Knoll et al., 2001). Further, activation of ephrin-A2 and
ephrin-A5 in transfected heterologous cells leads to
increased adhesion (Huai and Drescher, 2001; Davy andRobbins, 2000; Davy et al., 1999). In the chick hindlimb,
however, we found that EphA7 is expressed over a relatively
broad area, so while it may be permissive for axon growth,
EphA7 does not specifically delineate the LFCt nerve
pathway. In addition, EphA7 was downregulated in the
subectodermal mesenchyme underlying the deleted ecto-
derm, but not along the route LFCt axons follow to reach
their target skin, and so this cannot explain the failure of the
LFCt nerve to form after ectoderm removal.
EphA4 is expressed in the proximal dorsal limb
mesenchyme and is thought to play a role in the dorsal–
ventral sorting of motoneuron axons (Eberhart et al., 2000;
Helmbacher et al., 2000; Kania and Jessell, 2003). For
example, in Lmx1b null mutant mice, EphA4 is down-
regulated and LMC(l) motoneurons and LMC(m) moto-
neurons innervate both normal and inappropriate limb
targets (Kania and Jessell, 2003). Although Lmx1 was
downregulated after our surgeries, and so EphA4 expression
may have also been decreased, LMC(l) motoneurons did not
misproject to ventral muscles. Given that LMC(l) moto-
neurons were not misdirected ventrally, it is unlikely that
those sensory axons that normally project dorsally would
have been independently misdirected along the ventral
nerve trunk (see Results for additional explanation). Thus,
the absence of the LFCt nerve probably cannot be explained
by dorsal/ventral misrouting.
We do not mean to imply, however, that EphA4 in the
proximal limb mesoderm is not important in dorsal/ventral
sorting. Rather, work by Landmesser and colleagues
suggests that, once LMC(l) and LMC(m) motoneuron axons
begin to segregate in the crural plexus at St. 23–24, their
dorsal/ventral choices can no longer be perturbed (Tang et
al., 1992). For example, although removal of PSA from
NCAM at St. 16–20 results in dorsal/ventral pathfinding
errors, PSA removal at St. 24–26 does not. Thus, any
decrease in EphA4 expression in the limb that may occur
subsequent to removal of the dorsal ectoderm at St. 24 is
likely to be too late (and possibly also too small) to impact
on dorsal/ventral sorting.
LFCt nerve formation, dermal development, and
chemoattraction
Although the LFCt nerve did not form after the ectoderm
was removed, it is important to note that cutaneous nerves
do not project into the epidermis in the chick; rather, they
terminate within the dermis (Martin et al., 1989; Saxod et
al., 1978). The epidermis and the dermis interact extensively
throughout development, contributing to each other’s differ-
entiation. A reasonable hypothesis is that the molecular cue
or cues necessary for LFCt nerve formation originate from
the dermis but are induced and/or maintained by signaling
from the overlying epidermis. Along these lines, we found
that the expression of the cDermo-1 gene, which serves as
marker for newly differentiating dermis (Scaal et al., 2001),
was downregulated after ectoderm removal and restored
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relationship between the presence of differentiating dermis
and LFCt nerve formation in detail, by varying the extent of
ectoderm regeneration and thereby the expression of
cDermo-1 in the region to which the LFCt nerve normally
projects. While the presence/absence of the LFCt nerve and
the expression of cDermo-1 were usually correlated with
one another, in some experimental limbs the LFCt nerve
was present but cDermo-1 was not expressed, and in some
others, the LFCt nerve was absent despite cDermo-1 being
expressed at normal or near normal levels. Thus, LFCt nerve
formation and expression of cDermo-1 are not always
associated. However, this result, taken together with the fact
that cDermo-1 is a transcription factor and cannot itself
signal LFCt axons, does not rule out the possibility that
other molecules expressed by dermal cells may contribute to
LFCt nerve formation.
Sensory growth cones are small (Tosney and Land-
messer, 1985b) and the dermis would initially be beyond the
reach of their filopodia. Therefore, a contact-mediated
mechanism by which the dermis guides cutaneous axons
to the skin can be excluded. An alternative scenario is that
dermal cells release a chemoattractant. If a gradient of
chemoattractant had been established by the time of
ectoderm removal, that gradient should be maintained for
at least a short duration. If cDermo-1 is downregulated
before the gradient dissipates, the LFCt nerve would form in
the absence of cDermo-1 expression; and if the ectoderm
regenerates and cDermo-1 is upregulated before the gradient
is reestablished, the LFCt nerve might not form although
cDermo-1 is expressed. The same pattern of outcomes
would be observed for any type of molecule expressed by
the dermis that (perhaps indirectly) elicits LFCt nerve
formation and is downstream of cDermo-1.
One complication to consider is how a large expanse of
undifferentiated skin could provide a point source of
chemoattractant. However, although the skin is morpho-
logically uniform at early stages, different regions of the
ectoderm and the subectodermal mesenchyme vary in their
patterns of gene expression (see, for example, Fig. 5), and so
expression of a chemoattractant could similarly be restricted
to a defined region. Alternatively, a chemoattractant could
be more broadly expressed, with cutaneous axons being
confined to a discrete pathway from the plexus to the skin
by their interactions with the various growth-promoting
(e.g., fibronectin, EphA7) and growth-inhibiting (e.g., PNA-
binding) molecules they encounter.
The conventional way to demonstrate chemoattraction
is to coculture neuronal and target explants in three-
dimensional collagen gels. DRG axons in such cultures
are repelled by epidermal explants (Honig and Zou, 1995;
see also Cahoon and Scott, 1999; Verna, 1985; Verna et al.,
1986) and extend preferentially toward dermal and skin
explants (Honig and Zou, 1995). However, DRG axons
should have also specifically turned toward the dermal (or
the skin) explant, if it released a chemoattractant, but turningwas not observed. It should be realized that, for these tissue
culture experiments, we used the dorsal skin from the entire
thigh of St. 26 or St. 28 embryos. It is therefore possible,
that had we been able to dissect and culture the precise
region of skin where the LFCt nerve projects, and at the
stage when it normally forms, a chemoattractive effect
might have been observed.
Possible candidate chemoattractants include the neuro-
trophins. NGF, BDNF, and NT3 are expressed by the skin
(Cahoon-Metzger et al., 2001) and Barde and colleagues
(Tucker et al., 2001) have shown that sensory axons in slice
preparations of the limb grow toward beads coated with
these molecules. Moreover, work by Snider’s group (Patel et
al., 2001) has suggested that NGF/TrkA signaling is
essential for the formation of peripheral cutaneous innerva-
tion. We have not yet observed significant rescue with
exogenous neurotrophins (unpublished observations), but
whether the absence of the LFCt nerve following ectoderm
removal can be attributed to the loss of NGF and/or other
neurotrophins requires additional examination.
The role of BMP4 in LFCt nerve formation
BMP4-soaked beads placed on the denuded limb surface
frequently reversed the effects of ectoderm deletion on LFCt
nerve formation. The LFCt nerve formed in ¨60% of limbs,
in which the ectoderm had not regenerated significantly, that
were treated with beads soaked in BMP4 at 25–333 Ag/ml,
but in only ¨15% of embryos treated with beads soaked in
BSA, PB, or low concentrations of BMP4. LFCt nerve
rescue did not require that the BMP4 bead be situated at the
normal site of LFCt nerve entry into the skin, and was
observed even when the bead had become embedded in the
limb mesenchyme. Moreover, axons rarely turned toward an
embedded BMP4 bead. Thus, exogenous BMP4 appears to
promote LFCt nerve formation without specifically attract-
ing sensory axons.
Bmp4 is heavily expressed in the anterior–dorsal limb
mesenchyme just distal to where the LFCt nerve normally
projects to the skin. Bmp4 gene expression was down-
regulated in this region when the ectoderm was removed,
with these levels tending to be lower when the area
remained bare than when the ectoderm had partly regen-
erated. These expression patterns suggest that the formation
of the LFCt nerve may be associated with intermediate
levels of BMP4. Consistent with this idea is our observation
that the LFCt nerve was rescued more frequently following
treatment with beads soaked in BMP4 at 25 Ag/ml than with
beads soaked in 100 or 333 Ag/ml BMP4. In addition, and
contrary to our expectation, when the ectoderm exhibited
more regeneration, rescue occurred less frequently. More-
over, this difference in outcomes was most striking for
higher BMP4 concentrations, where the LFCt nerve formed
in roughly half of the limbs for which there was little
regeneration but not in any of the limbs for which
regeneration was extensive. Together, these observations
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endogenous origin and exogenously supplied) are associated
with the successful formation of the LFCt nerve, and that
higher BMP4 concentrations have an inhibitory effect.
There is considerable precedence for BMPs exerting
different effects at different concentrations (Ai et al., 1999;
Amthor et al., 1998; Hatakeyama et al., 2004; Reissmann et
al., 1996). A limitation in interpreting results from experi-
ments done in vivo is that although one can identify the sites
from which BMP4 is released, it is more difficult to know
how far BMP4 diffuses from those sites. It is unlikely that
BMP4 spreads uniformly within the limb because of the
heterogeneity in cell density, in extracellular matrix compo-
sition, and in the distribution of receptors and antagonists to
which BMP4 can bind. Since trying to visualize the
distribution of a secreted protein is not straightforward
(Belenkaya et al., 2004; Gritli-Linde et al., 2001;
MacLennan et al., 1997; Scholpp and Brand, 2004), the
concentration levels or gradients of BMP4 protein, even in
normal embryos, are not known. Similar concerns have
previously been raised by Dionne et al. (2002) in discussing
discrepancies between the results they obtained from tissue
culture experiments and those on noggin mutant mice.
BMP4 might, in theory, reverse the effects of ectoderm
deletion on LFCt nerve formation by acting as a trophic
factor. However, the initial absence of the LFCt nerve is not
associated with increased sensory neuron cell death, and
thus, the failure of the LFCt nerve to form is not due to the
death of its Fparent_ DRG neurons (Honig et al., 2004). The
current results would then suggest that BMP4 rescues LFCt
nerve formation by influencing sensory axon growth and/or
guidance in some way. Demonstrating this directly, and
determining whether BMP4 exerts any additional effects on
the survival of sensory neurons, will require further study.
One possibility is that BMP4 rescue of LFCt nerve
formation is due to a direct effect of BMP4 on those axons.
There is increasing evidence that several classes of
molecules originally identified as morphogens also directly
affect growing axons (reviewed by Schnorrer and Dickson,
2004). Perhaps the best-known example of this for BMPs is
in the spinal cord, where BMP7, emanating from the roof
plate, exerts a repulsive effect on commissural axons and
thereby contributes to their initial ventral growth. (Augs-
burger et al., 1999; Butler and Dodd, 2003). More recently,
experiments on BmpR1b-deficient mice have shown that
BMP signaling is needed for proper growth of some retinal
ganglion cell axons into the optic nerve head (Liu et al.,
2003). In the case of DRG neurons, Harland and colleagues
(Dionne et al., 2002) have reported misprojections into the
spinal cord of noggin mutant mice, although several
individual BMPs (BMPs 2, 4, and 7, GDF7) and BMP
heterodimers did not obviously affect axon outgrowth from
cultured DRG explants. Also relevant to our results are the
findings that exogenous BMPs stimulate neuronal differ-
entiation in dissociated cell cultures of young embryonic rat
DRG neurons and that those neurons express BmpR1a andBmpR2 (Ai et al., 1999). Thus, it is certainly conceivable
that the BMP4 rescue of LFCt nerve formation we observed
is due to a direct action on those axons. That motoneuron
axons did not project along the Frescued_ LFCt nerve,
further suggests that this action of BMP4 may be specific
for sensory axons.
We cannot exclude the possibility that alternatively, or in
addition, exogenous BMP4 rescues LFCt nerve formation
indirectly, through its effects on intervening limb tissues.
However, despite the demonstrated importance of BMPs for
several aspects of limb development (e.g., Amthor et al.,
1998; Duprez, 2002; Niswander, 2002, 2003), we observed
relatively few changes in the limb per se, in part because
BMP4 treatment started fairly late and was for a short time.
There were no obvious alterations in the overall morphology
of the thigh or in the expression of EphA7, cDermo-1, or
Bmp4. Exogenous BMP4 clearly affected muscle develop-
ment, but this was seemingly unimportant because the LFCt
nerve was rescued with a wide range of BMP concentrations
that had different effects on muscle. Exogenous BMP4 also
reversed the increase in PNA-binding sites that accompa-
nied ectoderm removal. This apparent decrease in the
repulsiveness of the environment may contribute to LFCt
nerve formation but, as already discussed, is unlikely to be
sufficient for LFCt nerve rescue.
Exogenous BMP4 rescued LFCt nerve formation follow-
ing ectoderm removal in the majority of limbs, but such
rescue did not always occur, and the Frescued_ LFCt nerve
was rarely completely normal in diameter and trajectory.
Achieving more frequent and more complete LFCt nerve
rescue would not require establishing an appropriate BMP4
concentration gradient, as would be the case for a chemo-
attractant, since intermediate BMP4 concentrations were the
most effective in our experiments, and cutaneous axons did
not grow directly toward sites where BMP4 was most highly
concentrated. It might nonetheless be essential to precisely
mimic the normal spatial pattern of BMP4 expression. In
addition, as has been found for other systems (e.g., Butler
and Dodd, 2003), heterodimers might be more effective than
homodimers in signaling LFCt nerve formation. It is
unlikely that BMP4 forms heterodimers with BMP2 in this
region, because Bmp2 is expressed in only the posterior part
of limb; BMP7 or another member of the BMP/GDF family
(e.g., GDF5, 6, or 7) are possible candidates. Finally,
molecules either expressed by the ectoderm, or whose
expression changes with ectoderm removal, and which are
independent of BMP4, may also influence LFCt nerve
formation. One possibility is that a Wnt, perhaps Wnt7a,
plays such a role. During limb bud formation, Wnt7a
expressed in the dorsal ectoderm induces the expression of
Lmx1 (Riddle et al., 1995; Vogel et al., 1995) in the
underlying mesenchyme. While our results suggest that
Lmx1 does not influence LFCt nerve formation, other
molecules that are downstream of Wnt7a may (e.g., ALC;
Holmes et al., 2003). Alternatively, as already discussed, a
chemoattractant emanating from the dermis, whose induc-
M.G. Honig et al. / Developmental Biology 282 (2005) 257–273 271tion and maintenance requires the overlying ectoderm, may
contribute to LFCt nerve formation.
In summary, our results suggest that the formation of the
LFCt nerve is governed by multiple cues. These include the
complement of permissive (e.g., fibronectin, EphA7) and
repulsive (e.g., PNA-binding) molecules growing LFCt
axons encounter as they exit the plexus. BMP4 promotes
LFCt nerve formation, albeit without specifically attracting
LFCt axons. Additional, not yet identified molecules,
originating from or dependent on the ectoderm, possibly a
chemoattractant released by dermal cells, are likely to work
in concert with BMP4 to ensure proper LFCt nerve
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